Introduction {#sec1}
============

Chemokines are small but potent chemotactic cytokines (8--14 kDa). To date, about 50 chemokines have been identified and divided into four distinct families (C, CC, CXC, and CX~3~C) based on the arrangement of conserved cysteines in the N-terminus.^[@ref1]−[@ref3]^ These secreted proteins orchestrate homing of cells toward areas of high chemokine concentration through binding and activation of their cognate GPCRs (G-protein coupled receptors) on the surface of cells. Processes such as cell trafficking and adhesion greatly depend on the chemokine--receptor signaling axis.^[@ref3]−[@ref5]^

CXCL12 (stromal-cell-derived factor-1, SDF-1a) is a CXC-type chemokine that binds to the CXCR4 and CXCR7 receptors attracting receptor-containing cells toward areas of elevated CXCL12 levels. Extracellular matrix glycosaminoglycans (GAGs) also bind CXCL12 and maintain a chemotactic concentration gradient.^[@ref6]^ CXCL12 is constitutively expressed and essential during embryonic development but afterward functions mainly in inflammatory response, immune surveillance, and tissue homeostasis. This is done through trafficking of lymphocytes to where they are needed such as the lymph nodes, lung, and bone.^[@ref7],[@ref8]^

Metastatic cancer cells exploit the same mechanism as lymphocytes by upregulating the expression of chemokine receptors.^[@ref2],[@ref3],[@ref9]^ CXCR4, for example, is overexpressed in over 23 human cancers, allowing tumor cells to migrate to organs that produce CXCL12, leading to the formation of secondary colonies.^[@ref9],[@ref10]^ Because metastasis contributes the most to cancer mortality rates, preventing the migration of tumor cells is of paramount medical importance.^[@ref11]^ As a result, novel inhibitors of the CXCR4--CXCL12 signaling axis have been under active development as potential cancer therapeutics.^[@ref12],[@ref13]^ Such efforts have mainly focused on the orthosteric site of CXCR4, a deep transmembrane pocket suitable for the binding of small molecule antagonists.^[@ref14]^ For example, AMD3100 (Plerixafor), a CXCR4 antagonist, has been approved in promoting hematopoietic stem cell mobilization from the bone marrow to the blood in treating multiple myeloma and non-Hodgkin's lymphoma.^[@ref15]^ However, recent studies also suggest that neutralizing chemokines may prove to be a successful approach to cancer therapy as well.^[@ref16]−[@ref18]^ NOX-A12, an RNA oligonucleotide in [l]{.smallcaps}-configuration that binds CXCL12 and blocks GAG binding, is thought to increase the susceptibility of chronic lymphocytic leukemia cells to chemotherapy by interfering with chemokine-mediated cell motility.^[@ref18]^

CXCR4 has been previously described to rest in a constitutuve dimeric form, independent of ligand binding.^[@ref19]^ CXCL12 then binds and activates CXCR4 in a two-step/two-site process (Figure [1](#fig1){ref-type="fig"}).^[@ref20]^ First, CXCL12 is recognized by the extracellular N-terminal domain of the receptor (site 1 binding) (Figure [1](#fig1){ref-type="fig"}B).^[@ref21]^ Following recognition, the flexible N-terminus of CXCL12 docks into the receptor (site 2 binding) (Figure [1](#fig1){ref-type="fig"}C), leading to receptor internalization and downstream signaling such as calcium influx and chemotaxis.

![Monomeric representation of CXCR4 bound by CXCL12 through a two-step/two-site process. (A) CXCR4 has a flexible extracellular N-terminal domain. (B) In step-1/site-1, CXCL12 recognizes and binds the N-terminal domain of CXCR4 aided by sulfotyrosine recognition. (C) In step-2/site-2, the flexible N-terminal domain of CXCL12 docks into CXCR4 causing activation. Multiple lines of evidence suggest that CXCR4 can form dimers, but there is no evidence to suggest that the site 1 interface would be altered by a change in oligomeric state of the receptor.](jm-2014-01194p_0002){#fig1}

As with other chemokine receptors, the CXCR4 N-terminus is post-translationally sulfated at one or more tyrosines,^[@ref22]^ including Y7, Y12, and Y21, which increases its affinity for CXCL12. Sulfation at Y21 (sY21) not only contributes the most to enhancing binding affinity but also has the largest effect on downstream signaling.^[@ref23]−[@ref25]^ Structures of locked CXCL12 dimers, in complex with sulfated (only at Y21 or triply sulfated at Y7, Y12, and Y21) CXCR4~1--38~, identified discrete binding pockets for each sulfotyrosine,^[@ref23]^ suggesting potential target sites for which small molecule ligands can be engineered. Thus, as molecular details of the CXCL12--CXCR4 interface emerge, structure-based inhibition of CXCL12 becomes a practical albeit challenging approach.

Previously, our in silico screening using DOCK 3.5.54 and the ZINC small molecule database identified ZINC 310454 as a novel small molecule ligand against the sY21-binding site.^[@ref26]^ Weak binding to the sY21 site and inhibition of CXCL12--CXCR4 interactions were confirmed by NMR perturbation studies and by CXCL12-mediated Ca^2+^-flux assays using THP-1 cells, respectively. Subsequent analysis of ZINC 310454, fragment-based design and SAR optimization coupled with a bioisostere approach led to the design and synthesis of tetrazole derivatives, including compound **1**. Like the original hits from docking, these compounds bind to CXCL12 with μM affinities. Compound **1** was synthesized by substitution of the carboxyl group with a tetrazole from the *meta*- to the *para*- position and substitution of the thioureido linker with the urea (Figure [2](#fig2){ref-type="fig"}A).^[@ref27]^ NMR chemical shift mapping suggested that compound **1** also binds to the sY21 site, and molecular docking was used to estimate the binding pose (Figure [2](#fig2){ref-type="fig"}B).

![A ZINC 310454 derivative binds in the sY21 binding pocket as predicted by in silico docking. (A) Fragment-based SAR analysis of ZINC 310454 led to the design and synthesis of compound **1**. (B) Significant chemical shift perturbations in the presence of 1600 μM compound **1** map to the predicted binding pocket on CXCL12 (PDB: 2K05). The residues most perturbed are colored in orange.](jm-2014-01194p_0003){#fig2}

To date, apart from one previous study identifying chalcone-4 as a neutralizing ligand for CXCL12,^[@ref17]^ our virtual screening hits and the tetrazole derivatives are the only reported CXCL12-specific small molecule inhibitors, yet the structure of an inhibitor bound to CXCL12 was still lacking. Besides the NMR CXCL12--CXCR4~1--38~ structure (PDB ID: 2K05), the only structure of a CXCL12--ligand complex is the crystal structure of CXCL12 bound by a heparin disaccharide (PDB ID: 2NWG),^[@ref28]^ a fragment of the natural ligand that binds at the same pocket as sY12 of CXCR4. Here we present an X-ray crystallographic complex structure of CXCL12 bound to compound **1** at the sY21-binding site, the first of CXCL12 with a novel small molecule ligand. The crystal structure identifies residues that mediate ligand binding and elucidates unoccupied hotspots that can be utilized in future optimization efforts.

Results and Discussion {#sec2}
======================

Compound **1** Occupies the sY21 Binding Site of CXCL12 {#sec2.1}
-------------------------------------------------------

The complex crystal was obtained by soaking compound **1** into apo CXCL12 crystals. In previous experiments, we noticed that DMSO can nonspecifically bind to the CXCL12 surfaces of interest and result in a noisy electron density map. As a result, no DMSO was used in our soaking experiment and the compound was dissolved to saturation directly in the stabilization buffer. The resulting complex structure was solved at 1.9 Å resolution and has a primitive orthorhombic space group (*P*2~1~2~1~2~1~) (Table [1](#tbl1){ref-type="other"}) with a dimer in each asymmetric unit (Figure [3](#fig3){ref-type="fig"}). The overall structure of the CXCL12 dimer is nearly identical to that of the apo protein (PDB ID: 2J7Z) with an RMSD of 0.238 Å aligning 774 atoms. The only significant backbone movements between the complex structure and the previously determined apo structure are observed in the flexible N-terminus of each monomer.

###### Data Collection and Refinement Statistics

  Data Collection               
  ----------------------------- -----------------------------------------------
  space group                   *P*2~1~2~1~2~1~
  cell dimensions                
  *a*, *b*, *c* (Å)             36.93, 57.71, 72.53
  α, β, γ, (deg)                90, 90, 90
  wavelength (Å)                1.5418
  resolution range (Å)          20.00--1.90
  *I*/σ*I*                      21.77(3.25)[a](#t1fn1){ref-type="table-fn"}
  completeness                  99.8%
  *R*~merge~                    0.061 (0.626)[a](#t1fn1){ref-type="table-fn"}
  redundancy                    6.89 (6.85)[a](#t1fn1){ref-type="table-fn"}
  Refinement                    
  no. of reflections used       12099
  *R*~factor~                   0.1863
  *R*~free~                     0.2347
  no. of atoms                  1178
  protein                       1107
  ligand                        21
  water                         40
  *B*-factors (Å^2^)             
  protein                       59.3
  ligand                        78.9
  water                         55.0
  root-mean-square deviations   
  bond lengths (Å)              0.015
  bond angles (deg)             1.802

Numbers in parentheses are for the highest resolution shell.

![Complex crystallographic structure of CXCL12 dimer (ribbon and surface model) with compound **1** (yellow) bound to the sY21-binding site.](jm-2014-01194p_0004){#fig3}

The unbiased *F*~o~ -- *F*~c~ density unambiguously identifies the binding mode of compound **1** (Figure [4](#fig4){ref-type="fig"}A), residing in the pocket that normally interacts with sY21 and adjacent residues, as seen in the NMR complex structure of CXCL12 bound by a CXCR4 sulfated N-terminal peptide (Figure [4](#fig4){ref-type="fig"}C). Compound **1** was observed only in one of the two monomers in the asymmetric unit because the corresponding binding pocket in the other monomer was partially blocked by crystal packing.

![Complex crystallographic structure and characterization of the sY21 binding site. (A) Stereo image depiction of the unbiased *F*~o~−*F*~c~ map (at 3σ) of compound **1** bound to the sY21-binding site of CXCL12. (B) Complex crystal structure of CXCL12 (green) bound by compound **1** (yellow) superimposed to the apo crystal structure (PDB ID: 2J7Z) (cyan) shows conformational changes induced upon binding. (C) NMR complex structure of CXCL12 bound to the D20-sY21-D22 segment of CXCR4~1--38~ (PDB ID: 2K05) outlines the sY21-binding site as well as the possible hydrogen bond interactions.](jm-2014-01194p_0005){#fig4}

A number of protein main chain and side chain functional groups are involved in polar and nonpolar interactions with the small molecule ligand. Ala19N and Asn22Nδ2 are in close contact (∼3.0 Å) to the tetrazole group, with the former establishing a favorable hydrogen bond and the latter an NH−π interaction (Figure [4](#fig4){ref-type="fig"}B). The urea linker is within hydrogen-bonding distance to Glu15, Asn45, and Arg47. Interestingly, compared to the apo structure (PDB ID: 2J7Z), Glu15 side chain swings into the sY21-binding site and forms an ideal hydrogen-bonding network with compound **1**, with the two nitrogen atoms of the urea linker serving as hydrogen donors to the two oxygen atoms of the glutamate side chain (Figure [4](#fig4){ref-type="fig"}B). Furthermore, compared to the published apo structure, Arg47 undergoes conformational changes in order to form a hydrogen bond with the carbonyl oxygen of the urea linker while partially stacking against the terminal benzene ring of compound **1** (Figure [4](#fig4){ref-type="fig"}B). The backbone atoms of residues 43--45 also move closer into the sY21-binding pocket by 0.5--0.8 Å, allowing a closer contact between Asn45 and the urea linker.

In addition to polar interactions, compound **1** establishes extensive hydrophobic interactions with Val18, Leu42, and Val49 (Figure [4](#fig4){ref-type="fig"}B). The proximal benzene ring nestles in the hydrophobic pocket formed by Val18 and Leu42, making many nonpolar contacts. The distal benzene ring is also within van der Waals contact distance with Val49δ1, although the interactions with Val49 can be further optimized. In fact, most of the terminal benzene ring seems to suspend in solution past the pocket, suggesting that this part of the ligand can be further optimized to enhance binding to the chemokine. It also highlights the rigidity of the urea linker, which is further immobilized by the multiple hydrogen bonds as described above. These observations suggest additional carbon atoms may be introduced into the linker to allow adequate flexibility in future lead compounds, which we are currently investigating.

![Heparin/sY12 vs compound **1** binding. (A) CXCL12--heparin sulfate crystal structure (PDB ID: 2NWG) positions haparin sulfate (yellow) in the region where sY12 of CXCR4~1--38~ normally binds. (B) CXCL12--compound **1** crystal structure with heparin sulfate (yellow) and sY12 (purple) superimposed in sY12 site suggests that compounds specific to both sites could potentially be linked together via linkers.](jm-2014-01194p_0006){#fig5}

We have previously shown that compound **1** is a fragment that binds CXCL12.^[@ref27]^ NMR perturbation studies have placed the compound in the sY21-binding site, but its binding pose was largely unknown (Figure [2](#fig2){ref-type="fig"}B). Molecular docking successfully predicted the correct orientation of the compound and assisted us with previous optimization efforts. Docking however was unable to identify all the possible hydrogen bonds because it did not predict the protein conformational changes induced upon binding such as changes in Glu15 and Arg47. The complex crystal structure, therefore, has not only confirmed binding but has shed light on crucial interactions for the first time, previously overlooked through other complementary methods such as NMR and molecular docking.

As the sY21-binding site also resides close to the crystal-packing interface, the binding of compound **1** has caused additional conformational changes in residues from neighboring molecules in the crystal lattice. An alternative conformation is observed for His17 from a symmetry-related molecule in order to relieve a possible steric clash with the tetrazole group by the original conformation. Arg8 from another adjacent molecule also becomes less ordered. We attempted to investigate whether crystal packing may influence the binding pose of compound **1** by using crystals of R8A, H17A, and R8A/H17A mutants for the soaking experiments. Unfortunately, compound **1** was not observed in these crystals, possibly because the positive charges of these two residues can nonspecifically increase the chances of incorporating the negatively charged compound **1** into the binding pocket, an unintended but useful effect considering the challenges faced in crystallizing complexes with weak ligands. It should also be noted that His17 in monomer 1 is part of the sY21-binding site and may directly contribute to ligand binding through electrostatic interactions.

Comparison with sY21 Binding in CXCR4 Interaction {#sec2.2}
-------------------------------------------------

The binding of compound **1** and the CXCR4~1--38~ peptide to the same sY21-binding site (PDB ID: 2K05) (Figure [4](#fig4){ref-type="fig"}B,C) share many similarities yet demonstrate key differences. Both compound **1** and sY21 are negatively charged at physiological pH and interact with many of the same protein residues in a series of hydrogen bonds, including Glu15, Asn22, and Arg47. These interactions highlight the overall positively charged and highly polar environment of the binding site. However, the sulfate group of sY21 and the tetrazole group of compound **1** reside in different areas of the binding pocket, with the former hydrogen bonding with Asn22, Asn46, and Arg47 and the latter with Asn22 and the backbone N atom of Ala19. The conformations of Glu15 and Arg47 also differ in the two complexes.

The most significant difference, however, lies in the more extensive hydrophobic interactions observed in the complex with compound **1**. The aromatic ring of sY21 is placed perpendicularly and relatively superficially on the protein surface in a corner of the pocket formed by Val18, Leu42, and Val49, while the benzene ring of compound **1** lays flat on the center of this small hydrophobic cavity. This increases hydrophobic contact in compound **1** binding.

Some of the differences we have observed between the two complexes undoubtedly come from the structural ambiguity in NMR structures, particularly in terms of side chain conformations, as well as from the structural biases imposed by crystal packing, especially the lack of protein flexibility. However, although CXCL12 exhibits much flexibility in solution, its core domain including the majority of the sY21-binding site displays much less variation among different NMR conformations as well as various crystal structures. This is particularly true for the hydrophobic cavity and the peptide segment spanning His17 to Asn22. The most flexible region appears to come from the three asparagine residues 44--46. Asn45 or Asn46 each makes one hydrogen bond with the ligand in the respective complex. Although certain interactions involving these residues may have been missed in the NMR or crystal structures due to the limitations of each technique, it is unlikely that such experimental caveats have drastically distorted the ligand-binding mode.

Comparison with Heparin Binding {#sec2.3}
-------------------------------

CXCL12 was previously crystallized in complex with an unsaturated heparin disaccharide, revealing structural details of the interactions between glycosaminoglycans and CXCL12.^[@ref28]^ Two copies of the disaccharide were observed in the crystal structure. Only one of them, residing at the dimer interface, was deemed biologically relevant, whereas the other one was most likely a crystallization artifact. The heparin-binding site at the dimer interface is characterized by a high concentration of positively charged residues, including His25, Lys27, and Arg41 from both CXCL12 monomers (Figure [5](#fig5){ref-type="fig"}A). It is not surprising that the disaccharide, with four negatively charged functional groups, binds to this area. Most of the intermolecular interactions are mediated through a series of hydrogen bonds involving the charged moieties exposed to the solvent. Only one nonpolar contact is observed between the disaccharide and a hydrophobic residue, Leu29 (Figure [5](#fig5){ref-type="fig"}A). These observations suggest that the binding surface for the heparin molecule may be less suitable for engineering small molecule ligands compared with the sY21-binding site. The fact that we observed nonspecific binding of DMSO to the sY21-binding site in our control crystals also highlights the features of that binding surface suitable for small molecule interactions.

Insights into Structure-Based Inhibitor Design {#sec2.4}
----------------------------------------------

The current complex structure provides important information for structure-based inhibitor design. It highlights the urea linker as an optimal anchor in hydrogen bonding interactions; the rotation of Glu15, along with the arrangement of Asn45 and Arg47, creates an ideal hydrogen-bonding network with the urea linker of compound **1**. This also suggests that amide linkers are not as efficient as urea linkers because an amide linker can only form one hydrogen bond with Glu15 compared to the two hydrogen bonds that the urea linker is forming in the crystal structure. This difference has been exemplified through our docking studies that appropriately position amide-linker derivatives in the sY21-binding site, showing that only one hydrogen bond can form between the amide and Glu15.

The crystal structure not only identifies the important interactions between compound **1** and CXCL12 but also elucidates unoccupied potential hot spots for ligand binding. The terminal benzene extends into a cleft that contains both polar and nonpolar residues, characteristics that can be exploited in optimization efforts (Figure [5](#fig5){ref-type="fig"}B). Particularly, this cleft contains several nonpolar residues including Pro10, Leu29, and Val39 (Figure [5](#fig5){ref-type="fig"}A). It resides on the edge of the heparin-binding site and interacts with sY12 in the complex structure with the CXCR4~1--38~ peptide (Figure [5](#fig5){ref-type="fig"}B). Whereas heparin fails to fully utilize the nonpolar binding surface, more hydrophobic interactions are observed between sY12 and these protein side chains. Consequently, in order to leverage these binding hot spots in our ongoing project of inhibitor design efforts, extra carbon atoms were added after the urea linker of the current inhibitor scaffold for increased flexibility. A docking pose prediction of compound **2**, which differs from compound **1** through an additional two-carbon linker after the urea, suggests that a more flexible linker may increase hydrophobic interactions (Figure [6](#fig6){ref-type="fig"}A). This hypothesis is supported by NMR that shows compound **2** inducing chemical shift perturbation of Val39, suggesting the terminal benzene may better interact with the cleft. Additionally, in a chemotaxis assay with THP-1 cells, 25 μM of compound **1** causes a ∼20% decrease in cell migration, while 25 μM of the more flexible compound **2** causes a ∼40% decrease in cell migration, further supporting the potential benefits of linker flexibility (Figure [6](#fig6){ref-type="fig"}B).

![Docking pose and chemotaxis inhibition. (A) Compound **2** is based on the compound **1** scaffold but contains an additional two-carbon linker past the urea. Docking pose prediction suggests the flexible linker may help increase hydrophobic interactions with the cleft above Val39. (B) Chemotaxis assay in THP-1 cells demontrates that 25 μM compound **1** reduces cell migration by ∼20%, while 25 μM compound **2** reduces cell migration by ∼40%.](jm-2014-01194p_0007){#fig6}

Although the sY12-binding site appears to be a more challenging target by itself, these observations suggest that small molecule ligands can be designed to span from the sY21-binding site into the sY12-binding site or even further into the heparin binding site. This would further improve the affinity and specificity of the novel ligand, increasing its utility in disrupting the CXCL12--CXCR4 signaling axis and establishing a strategy for chemokine targeted therapies across the entire chemokine family.

Conclusion {#sec3}
==========

The CXCL12--CXCR4 signaling axis has been a key target for drug discovery due to its involvement in various diseases, particularly cancer. Previous efforts focused on CXCR4 solely because chemokines had been deemed "undruggable" due to their small size and shallow surfaces. However, as most drug discovery efforts against CXCR4 have failed in clinical trials due to toxicity issues, the need for alternative approaches has become apparent. We have previously demonstrated that a structure-based approach can successfully identify compounds that bind to the sY21-binding site on CXCL12. Even though binding of inhibitors was confirmed, details of the binding interactions were lacking. Our new complex structure not only validates the binding of ligands to the protein but also offers invaluable information to guide further optimization efforts through a rational design approach. Furthermore, because sulfotyrosine recognition by chemokines is predicted to contribute to most chemokine--receptor interactions, successfully targeting such sites could potentially extend to targeting other chemokines as well.^[@ref29]^

Methods {#sec4}
=======

Purity {#sec4.1}
------

CXCL12~WT~ was produced and purified as previously described.^[@ref30]^ The purity of the protein and compounds **1** and **2** ([Supporting Information](#notes-2){ref-type="notes"}) was determined to be \>95% by SDS-PAGE and HPLC, respectively.

NMR Spectroscopy {#sec4.2}
----------------

NMR data was collected on a Bruker Avance 600 MHz spectrometer equipped with a TCI cryoprobe at 298 K. Lyophilized \[*U*-^15^N\]-CXCL12~WT~ was reconstituted in a 25 mM deuterated MES, 10% (v/v) D~2~O, 0.02% (w/v) NaN~3~ buffer, pH 6.8. NMR samples of 50 μM CXCL12~WT~ and 0--1600 μM compound **1** were made with a LEAP PAL robot, where each sample contained 2.0% deuterated DMSO. A Bruker SampleJet was used for automated sample handling and ^1^H^--15^N heteronuclear multiple quantum coherence (HMQC) spectra were collected for each titration point. Spectral data was processed with in house scripts, and chemical shift changes were tracked using CARA software.^[@ref31]^ Total ^1^H and ^15^N chemical shift perturbations were calculated as previously shown.^[@ref32]^

Crystallization {#sec4.3}
---------------

CXCL12 was concentrated to 8 mg mL^--1^ for crystallization trials. The Qiagen JCSG suites were screened using the Phoenix Microdispenser, and hits were optimized and tested for space group determination. Hits that led to crystals with a trigonal space group (e.g., PDB ID: 3GV3) were unsuccessful in binding compound **1** because the sY21-binding site was completely blocked by crystal packing residues. Hundreds of small crystals appeared in a condition containing 3.5 AmSO~4~, 1%MPD, and 0.1 M MES sodium salt, pH 6.5. These were optimized (2 M AmSO~4~, 2% MPD, and 0.1 M MES sodium salt, pH 6.5) to consistently produce a few and large single crystals. Surprisingly, two forms of crystals appeared in this condition. One form belonged to the ineffectual trigonal space group, while the other belonged to an orthorhombic space group (e.g., PDB ID: 2J7Z).

Because crystals belonging to two different space groups would form in the same crystallization drop, seeding was used to induce crystallization of the orthorhombic space group instead of the trigonal space group form. Crystals belonging to the *P*2~1~2~1~2~1~ space group would grow to their full size in 3--4 days, measure up to 400 μm in each dimension, and diffract up to 1.8 Å.

Attempts to grow complex CXCL12 crystals in the presence of compound **1** were unsuccessful. We therefore used a soaking method. Because compound **1** was insoluble at high concentrations, we resorted to introducing it in its solid powder form at various amounts directly on the crystal drop. Soaking was also performed for only 30 min because compound **1** would quickly degrade the crystals upon introduction. Crystals were then flash-frozen in 2.2 M AmSO~4~, 25% glycerol, 2% MPD, and 0.1 M MES sodium salt, pH 6.5. Data sets were collected for many crystals in the search for the best candidate because solubility issues with compound **1** produced inconsistent results with compound density while damaging a lot of the crystals.

Data Collection and Processing {#sec4.4}
------------------------------

Data was collected at the Moffitt Cancer Center home source with a Rigaku Raxis detector. Data was processed with XDS,^[@ref33]^ and the structure was solved through molecular replacement (using PDB ID: 2J7Z) with MOLREP^[@ref34]^ and refinement with Refmac5^[@ref35]^ and PDB_REDO.^[@ref36]^ Figures were made using PYMOL ([www.pymol.org](www.pymol.org)). The structure has been deposited into the Protein Data Bank with accession code 4UAI.

Molecular Docking {#sec4.5}
-----------------

DOCK 3.5.54^[@ref37]^ was used to dock compound **2** into an ensemble of 21 protein conformations (20 NMR conformations from PDB ID 2K05 and the current X-ray structure). The best pose was chosen based on complementarity.

THP-1 Chemotaxis {#sec4.6}
----------------

Compound dilutions were prepared in 100% DMSO and added to aliquots of a RPMI 1640, 25 mM HEPES, and 0.2% (w/v) BSA buffer and were centrifuged at 15000 rpm for 20 min at 4 °C. A 250 μL aliquot of 25 μM compound **1** or **2** along with 30 nM CXCL12~WT~ was added to the lower well of a Corning HTS Transwell 96-well plate. THP-1 cells were washed twice in buffer, and 6 × 10^5^ cells were added to the upper well. DMSO was held constant between upper and lower wells. Plates were incubated for 2 h at 5% CO~2~ and 37 °C, and migrated cells in the lower well were counted on a BD LSR II flow cytometer. Bar graph is the mean ± SEM of four replicates on two separate plates (*n* = 8). Significance was determined by a two-tailed, unpaired Student's *t* test.

Synthesis and characterization of compounds **1** and **2**. This material is available free of charge via the Internet at <http://pubs.acs.org>.

Supplementary Material
======================
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The crystal structure of CXCL12 in complex with inhibitor has been deposited into the Protein Data Bank with accession code 4UAI.
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